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 Abstract 
This study addressed the potential for using lichens as a metric to estimate rates 
of nitrogen (N) deposition in the Colorado subalpine. I tested the hypothesis that lichen 
tissue N concentration could be used as a proxy for N deposition in the absence of 
deposition monitors. To test this hypothesis I conducted two experiments using four 
species of lichens that occur throughout the subalpine ecosystems of the southern Rocky 
Mountains. The first experiment measured the changes in lichen N concentration in 
response to 5 treatment levels of N additions in a greenhouse environment over three 
months. The second experiment measured lichen tissue N concentration in the vicinity of 
deposition monitors throughout the Colorado subalpine. For each experiment I used a 
linear regression to test whether the relationship between N deposition and lichen tissue 
concentration could be used as a predictive model for N deposition. There was a 
significant positive relationship between treatment and tissue concentration for Usnea 
lapponica in the greenhouse experiment. The other three species included in this study 
showed no correlation. N concentration in Xanthoparmelia coloradoensis showed a 
significant correlation with measured wet deposition in the field study. The other three 
species showed no relationship 
   
 
 
 
 
 
Introduction 
Nitrogen (N) deposition is a global environmental concern in many areas near 
industrial and agricultural activity. In the western United States, N deposition from 
agriculture and the burning of fossil fuels is of particular concern as a pollutant due to 
high sensitivity of many of its ecosystems (Baron et al., 2000; Fenn et al. 2003).  Several 
studies have indicated that rising N deposition rates are causing ecological changes in the 
Southern Rockies, particularly at high elevation sites and at much lower levels of N 
deposition thresholds than previously thought (Baron et al., 2000; Baron 2006; Bowman 
et al., 2006; Williams et al. 1996). These systems are naturally N limited and thus even 
low levels of increased N can cause shifts in community composition, N saturation and 
other effects. 
The environmental effects of increased N have been well studied and include 
community shifts, changes in biodiversity, loss of nutrient cations, and greater 
susceptibility to invasion by non-native species (Baron et al., 2000; Bowman et al., 2006; 
Fenn et al., 2003; Stevens et al., 2004; Bobbink et al., 2010; Rao and Allen, 2010). 
Dominant functional groups in alpine plant communities shift in response to increased 
available N (Bowman, 1995). These shifts can have cascading effects on ecosystem 
processes including accelerated N cycling and may limit long-term storage of N in soil 
organic matter (Bowman, 2000; Bowman et al., 2006). Plant community shifts can also 
lead to changes in soil biota, nutrient cycling, decomposition and patterns of herbivory 
(Wookey et al., 2009). These types of changes have been studied and documented in the 
Front Range of the Colorado Rockies. 
It is estimated that rates of wet N deposition in the Colorado Rockies range 
from 1 to 8 kg ha-1 yr-1 based on deposition measured as part of the National 
Atmospheric Deposition Program (NADP). Baron et al. (2000) showed changes in 
ecosystem processes at N deposition rates as low as 3 - 5 kg N ha-1 yr-1 using soil and 
forest tree metrics in two areas of differing deposition.  Sites receiving lower deposition 
rates on the western slope site were compared to sites receiving higher deposition rates on 
the eastern slope, related to the closer proximity of industry and agriculture influences on 
air chemistry. 
Because of the potential detrimental effects of increasing N deposition on 
ecosystem services (water quality, recreation, aesthetics) it is important to measure the 
patterns of N deposition in the Colorado Rockies. A more complete picture of the 
patterns of N deposition is needed in order to identify areas at high risk and take 
measures to prevent further ecological consequences. This is especially true for the many 
areas that are considered of high conservation value in the Colorado Rockies, including 
national parks and wilderness areas that are governed by strict air standards (Porter et al. 
2005).  
           Colorado there are long-term monitoring sites measuring rates of wet 
deposition of N as part of the U.S. National Atmospheric Deposition Program (NADP) 
(http://nadp.sws.uiuc.edu/) (Fig. 1). Many areas thought to be pristine are experiencing 
increases in N due to a rise in industry and agriculture (Burns, 2003). The monitoring 
network is sparse enough that accurately extrapolating deposition amounts between the 
collectors is not possible. While it is not necessarily practical to set up enough monitors 
to develop an accurate picture of N deposition, increased monitoring is needed to fully 
understand the spatial patterns of N deposition in Colorado. For this reason it is important 
to find reliable proxies for N deposition rates in areas where there are no existing 
monitors. The goal of this project is to provide a metric for estimating N deposition rates 
using lichen chemistry. 
 
 
Fig. 1 Network of NADP N monitors in Colorado (http://nadp.sws.uiuc.edu/). 
 
Lichens provide several options for estimating N deposition rates, including 
measurement of changes in community composition and tissue concentrations. Many 
lichens accumulate elements directly from atmospheric deposition and so can be used as 
a proxy for deposition of pollutants.  Consequently, lichen tissue chemistry provides a 
potential method to estimate N deposition rates as slow growth rates in most lichens 
translates to a lack of dilution in tissue N (Glavich and Geiser, 2008). Previous work has 
shown that lichens can be used to assess levels of pesticides, polychlorinated biphenyls, 
N and sulfur in the Western Airborne Contaminant Assessment project (Lander et al., 
2010). Conclusions from the Lander et al. (2010) study were applied in identifying 
national parks that were experiencing high levels of pollutants.   
In addition to changes in tissue concentration of nutrients and pollutants, lichen 
community structure (composition and abundance) changes in response to increased N 
deposition. In polluted areas, lichens that are pollution tolerant tend to dominate and in 
relatively pristine areas pollution sensitive species are more common (Geiser et al., 2010; 
Glavich and Geiser, 2008). Extensive work has been done in the Northwestern U.S., 
California and Europe using both lichen community shifts and tissue N concentration to 
estimate levels of N deposition. For example, Raymond et al. (2010) examined the 
relationship between air chemistry data from precipitation monitors and lichen tissue 
concentrations in British Columbia and developed a predictive regression model to 
extrapolate rates of deposition. They then studied lichen tissue chemistry throughout the 
Georgia Basin in Southwestern British Columbia in conjunction with their previously 
described correlation to examine spatial variability of regional N deposition and to 
validate their predictive model. In this study only four precipitation monitors were used 
to develop the predictive model. While they did find a tendency for higher tissue N 
concentrations nearer to urban centers, they concluded that more research was needed to 
quantitatively determine the relationship between N deposition and lichen N 
concentrations (Raymond et al., 2010).  
The use of lichen community sensitivity to N deposition has allowed the 
development of indices that provide regional estimates of N deposition. These indices can 
then be used in conjunction with lichen N concentration data to evaluate the use of lichen 
chemistry as a proxy for deposition across broader spatial scales. However, this approach 
has its limitations. Community composition may be affected by factors not accounted for 
such as microclimate variation. Jovan and Carlberg (2006) studied N concentration in 
lichens in the Sierra Nevada Mountains using community composition based index as 
their source of measured deposition data.  Ammonia deposition estimates were 
extrapolated from lichen species composition surveys and were then compared to widely 
accepted indices of deposition. Jovan and Carlberg (2006) found strong spatial patterns in 
concentration of N in lichen tissue. They also found a linear relationship between 
estimated atmospheric ammonia and tissue N concentration. 
Despite the concern about the environmental impacts of elevated N deposition 
in the southern Rockies, little work has been done to develop the use of lichens to study 
deposition patterns. The goal of the present study was to determine if lichen N 
concentrations can be used as a proxy to estimate the spatial variability in N deposition in 
Colorado subalpine ecosystems. I hypothesized that there would be a linear relationship 
between amount of measured N deposition and the concentration of N in lichen tissue. 
Alternatively there may be a threshold at low and high levels of N input where lichen 
tissue N concentrations are insensitive to inputs, giving a sigmoidal relationship. To 
address these hypotheses I experimentally determined the relationship between rates of N 
deposition and changes in thallus tissue N concentration in a controlled greenhouse 
experiment in four species of lichens. In addition I used NADP (National Atmospheric 
Deposition Program) deposition rate measurements to determine if a correlation exists 
between lichen N concentrations and soil organic matter C and N concentrations and wet 
deposition rates at the monitoring sites. In this study, I aimed to develop a technique to 
provide N deposition estimates for areas that do not have N monitors based on lichen 
tissue concentration from samples collected in these areas. 
  
Methods 
Two experiments were conducted to address the hypothesis that lichen tissue N 
concentration can be used as a proxy for N deposition. The first was a greenhouse 
experiment, which was designed to establish a causal relationship between added N and 
changes in lichen N tissue concentration. The second study was observational and 
evaluated the relationship between N deposition data from monitors and lichen N 
concentration. Soil samples were included in the study in order to compare the correlation 
of soil C:N ratios and soil N concentrations with measured N deposition to the correlation 
of lichens and measured N deposition. Lastly, several sites for which no monitor data are 
available were included in this study to provide estimates of deposition for these areas.  
  
Study Species 
Four lichen species were selected for this study based on a broad distribution 
within the study region and an assumed mild to moderate tolerance to pollution, as 
described in previous studies (http://gis.nacse.org/lichenair/; McCune et al., 1998; St. 
Clair, 1999).  Usnea lapponica is a green fruticose lichen that utilizes spruce and fir trees 
as its host. It is moderately sensitive to pollutants but is able to persist in polluted areas in 
a smaller size (McCune et al., 1998).  Xanthoparmelia coloradoensis is a green foliose 
lichen that is abundant throughout the study region in diverse habitats usually occurring 
on rocks. Parmelia sulcata is a grey-green foliose lichen growing on rocks and the bark 
of spruce and fir trees and is very pollution tolerant (McCune et al., 1998). Parmelia 
sulcata has also been used in previous studies looking at N loading and the concentration 
of N in lichen tissue (Raymond et al., 2010). The final species was Umbilicaria 
hyperborea, a foliose lichen that grows on rocks from low to high elevations. 
  
Greenhouse Experiment Methods 
The four species of lichens were used in a greenhouse N deposition experiment 
which was conducted over the course of 12 weeks.  All four species of lichens were 
collected from Lion’s Gulch (Table 2), assumed to have a relatively low amount of N 
deposition, (3-5 kg ha-1 yr-1, Richer, 2010). Fifty lichen samples were collected of Usnea 
lapponica and Parmelia sulcata and 40 of Umbilicaria hyperborea and Xanthoparmelia 
coloradoensis. Lichens were collected at the end of May 2011 and rinsed with deionized 
water and then assigned to one of five treatment groups: 0, 5, 10, 15, 20 kg N ha-1 yr-1 
(Britton and Fisher, 2010). Each treatment group was made up of 8 – 10 individuals from 
each species arranged on a Styrofoam block. The lichens were suspended above the 
Styrofoam block using toothpicks.  
  The experiment was conducted in a greenhouse with air temperatures 
programmed to simulate a high elevation environment. Treatments included N addition in 
the form of ammonium nitrate dissolved in tap water in amounts to simulate 0, 5, 10, 15, 
20 kg N ha-1 yr-1 (Britton and Fisher, 2010). The control group (0 kg N ha-1 yr-1) received 
only tap water, which contained less than 0.1 mg nitrate per liter. Addition of N was 
applied using a spray bottle. All treatment groups were sprayed 3 times per week, for a 
period of 12 weeks. The same amount of water was used for each treatment group. The 
position of each treatment group was rotated after each watering session to control for 
any microsite variation in the greenhouse. 
Tissue samples from a subsample of the lichens were collected at the beginning 
of the experiment to determine initial N tissue concentration. After twelve weeks all 
lichen samples were rinsed with deionized water, air dried for 24 hours then oven dried 
for 72 hours at 60 ºC, and ground using a mortar and pestle. All tissue samples were 
analyzed for N and C concentration using a CHN analyzer. 
  
Observational Experiment Methods 
Eleven NADP high elevation sites were chosen to determine the relationship 
between lichen N concentrations and wet deposition rates (Table 1). Five sites that do not 
have deposition monitoring were also included in the study to test the model and add to 
the current understanding of deposition patterns in Colorado. The sites were chosen based 
on elevation, the presence of subalpine and alpine vegetation, and the presence of the 
study species. The elevation range of these monitors was 2362m to 3520m.  The range of 
precipitation for these areas is between 30 to over a 100 cm yr-1, most of which falls as 
snow. Most sites were forests dominated by Engelmann spruce and subalpine fir. Lichen 
samples were collected within 2 miles and usually within ¼ mile of each NADP monitor. 
At each site 8-10 mineral soil samples (A horizon) were collected near the lichen samples 
to a depth of 10 cm each. As many of the four lichen species as could be found were 
collected.  Five – 10 individuals were collected of each species present.  Samples were 
collected from mid June through August. All samples were collected greater than 200m 
from any road (Raymond et al., 2010). 
After collection, the lichen samples were rinsed with deionized water, air-dried 
for one day, and then oven dried for three days at 60° C (Britton and Fisher, 2010). 
Samples were removed from the oven and finely ground before being returned to the 
oven for 24 hours at 60° C. Samples were analyzed for percent N and carbon 
concentration using a CHN analyzer. 
Soil samples were sifted using a 2 mm sieve, air dried and then oven dried at 
105°C for 48 hours, ground and analyzed for C:N following the same procedure as the 
lichen samples. 
  
Statistical Analyses 
The greenhouse data were analyzed using a linear regression to determine the 
relationship between the experimentally applied N and the lichen tissue N concentrations. 
Regressions were run separately for each of the 4 study species.  A one-way ANOVA 
was used to test the effect of species on initial concentration. A two-way ANOVA was 
used to test the effects of species and treatment level on change in concentration. To 
evaluate how well the lichen and soil proxies estimated N deposition rates in the field 
study a linear regression was used to determine the relationship between N concentration 
in lichen tissue and soil C:N ratio with measured deposition rates from the NADP 
collectors, averaged over the past 5 years. 
  
  
 
 
 
 
Table 1. Sites with NADP monitors 
 
 
  
Table 2. Sites without monitors 
 
 
 
 
 
 
 Results 
Greenhouse experiment: There was no significant linear relationship between N 
treatment and change in N concentration and final tissue N concentrations for 
Xanthoparmelia coloradoensis, Parmelia sulcata or Umbilicaria hyperborea (Fig. 2). 
There was a significant positive relationship between final tissue N concentration and the 
change in tissue N concentrations and treatment in Usnea lapponica (r2 = 0.82, p<0.001 
for final N concentration; r2 = 0.94, p<0.001 for changes in the N concentration). A two-
way ANOVA showed a significant effect of N treatment on change in concentration in 
lichens and an effect of species on concentration level. There was a significant interaction 
between species and treatment level on change in concentration (Table 3).  Species 
differed in their initial N concentrations (F-ratio = 9.898, p<0.001), with significantly 
higher concentrations in Usnea compared with the other 3 species (Tukey's a posteriori 
multiple comparisons). 
  
  
  
Figure 2. Change in lichen tissue concentration in response to control (tap water) and 4 N 
addition levels in Xanthoparmelia coloradoensis, Parmelia sulcata, Umbilicaria 
hyperborea and Usnea lapponica. Data were analyzed using a linear regression. 
  
 
 
 
Table 3. Results of a two-way ANOVA of the effects of treatment and species on change 
in N concentration.   
 
  
  
  
 
 
 
 
Field Study: There was no correlation between the five-year average for NADP wet 
deposition rates and lichen tissue concentration for Parmelia sulcata, Umbilicaria 
hyperborea or Usnea lapponica. There was a significant positive correlation between 
measured wet deposition and lichen tissue concentration for Xanthoparmelia 
coloradoensis (r2 = 0.15, p<0.01), but the relationship was relatively shallow, and the 
goodness of fit low (r2=0.15). There was no correlation between soil C:N and measured 
wet deposition. There was a significant correlation between soil %N and measured wet 
deposition (r2=0.21, p<0.001).  
 
Figure 3. Correlation between measured N wet deposition (kg/ha/yr) and lichen tissue N 
concentration for Xanthoparmelia coloradoensis, Parmelia sulcata, Umbilicaria 
hyperborean and Usnea lapponica. X axis values cover a range appropriate to the 
deposition amounts where the species was present. 
  
  
  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Correlation between soil C:N and soil %N and measured rate of wet deposition.   
 
 
Table 4. %N concentration in lichen tissue samples for all four species in non-monitor 
sites where they were found. 
 
Discussion 
This study tested the hypothesis that lichen tissue N concentration could be 
used as a proxy for N deposition with two experiments. The first experiment was 
conducted in a controlled greenhouse setting to determine if N addition treatments would 
cause an increase in lichen tissue N concentration. For this experiment I predicted that 
there would be either a linear relationship between the N addition treatments and tissue N 
concentration, or a sigmoidal saturating curve at high levels of N addition. The results 
from Usnea lapponica in the greenhouse experiment support the hypothesis of a linear 
relationship between added N and lichen tissue N concentration. However, results from 
the other three species do not support the hypothesis for a linear relationship. These three 
species may exhibit a sigmoidal curve if N application was continued over a longer 
period. The second experiment involved collections made at eleven high elevation sites 
throughout the Colorado Rockies to see if there was a correlation between lichen tissue N 
concentration and rates of wet N deposition. I predicted that lichen tissue N concentration 
would correlate positively with the N deposition rates obtained from the NADP 
deposition monitors. This was the case for Xanthoparmelia coloradoensis, but not the 
other three species.  
  
Greenhouse Experiment: 
The increase in final N concentration and change in N concentration for Usnea 
lapponica in response to an increase in treatment level supported my hypothesis. 
However, the other three species showed no change in concentration in response to 
different levels of N treatment. There are several possible explanations for these results 
including variation in physiological response to increased N availability, what 
concentration of N is considered normal for the species and differences in the lichens’ 
ability to regulate N uptake.  
Johansson et al. (2010) suggested that the growth form of the lichen may 
determine the degree of response to changes in N input. They conducted a N fertilization 
experiment using two species of lichens (Platismatia glauca and Alectoria sarmentosa). 
Platismatia glauca is considered N tolerant and has a foliose growth form. This species is 
able to compensate for increased N uptake with growth. U. hyperborea, X. coloradoensis 
and P. sulcata also have a foliose growth form. The second species (Alectoria 
sarmentosa) is considered pollution sensitive and has a pendulous, fruticose growth from. 
It lacked the ability to compensate for increased N with growth. U. lapponica has this 
fruticose growth form. Evidence from this study suggests that growth form may limit the 
ability of some lichens to compensate for increases in N with increased growth 
(Jahannson et al., 2010). Species that cannot compensate for increased N deposition with 
growth would be better suited for estimating deposition using tissue N concentration 
because N would not be diluted in the tissue. Additionally, some lichen species may be 
co-limited by inherent slow growth rates and light (Palmqvist 2008). Thus, placing the 
lichens in the greenhouse and exposing them to both increased N and increased light may 
have allowed them to grow and dilute N concentration. 
           Pollution tolerance in lichens may in part be associated an ability to maintain a 
balanced C:N ratio between the photobiont and mycobiont. Excess N is invested into 
more photobiont cells which increases photosynthesis and tissue growth, resulting in 
dilution of N (Johansson et al. 2010). Johansson et al. (2010) found the foliose lichen was 
able to increase growth and dilute tissue N concentration for extended periods of time 
with high levels of N fertilization and was only negatively effected by N treatment after 
the third year at the fertilization amounts between 25 and 50 kg N ha-1 yr-1. The 
fruticose lichen however was not able to increase growth and became N saturated much 
sooner. N saturation becomes a problem because it inhibits the production of ATP in 
mitochondria and chloroplasts (Gaio-Oliveira et al. 2004). Measurements of the actual 
uptake of N, growth and separate effects on fungal and algal component of the lichens 
would allow a more thorough evaluation of this influence on the changes in N 
concentration. Given the differences in lichens responses to increased N and the short 
duration of this study, it is likely that the three species showing no response were able to 
compensate for increased N either through growth or regulating the uptake of N. 
The initial concentration of N in lichen tissue may also affect whether or not 
the lichens increase in tissue N. While there are no data suggesting what the N 
concentration is that results in N saturation for these species, there are threshold 
concentrations that can be used to determine whether a site exhibits N deposition at 
background or elevated levels, at least for lichens in the Pacific Northwest. Usnea spp. 
has a threshold level of 0.75 (http://gis.nacse.org/lichenair/index.php?page=cleansite). 
Anything above this is considered elevated. There are no data for the other three species. 
For Usnea lapponica the range of initial percent N concentration in samples collected 
from Lion’s Gulch is 1.25 to 3.37% N. The range for initial concentration of all four 
species is 0.70 – 3.43% with a mean of 1.49% N. Given that these threshold 
concentrations have been developed in the Pacific Northwest, it is possible that for the 
three unresponsive species they could have been either near saturation and therefore 
unchanging or at the low end of concentration within the range that they were still able to 
compensate for.  
            Several studies have been conducted in which N is added in a controlled setting to 
determine the physiological and chemical response of lichens to N addition with varied 
results (Britton and Fisher, 2010; Palmqvist and Dahlman, 2006; Johansson et al., 2010). 
Britton and Fisher (2010) conducted a greenhouse experiment using 5 lichen species 
where they varied both load (total inputs) and concentration of added N to determine 
which was more important in changing lichen tissue N concentration. Four out of five of 
the lichen species in this study showed a positive correlation between increased N 
addition (both load and concentration) and N tissue concentration, although not 
significant. (Britton and Fisher, 2010). The lack of significance was likely due to the 
short duration of the experiment (13 weeks). As discussed previously, the lichens may be 
able to compensate for increasing N availability through growth to a point.  
Limitations of my greenhouse experiment are similar to those of the Britton and 
Fisher (2010) greenhouse study.  The length of only 12 weeks coupled with the potential 
stress being removed from the substrate and transferred to the greenhouse where there 
was greater light exposure may contribute to the small or negligible responses of the 
lichens in this study.  
  
Field Study  
Many field studies investigating the relationship between lichen N concentration 
and deposition have been conducted in Europe and the Pacific Northwest. There is only 
one such published study for Colorado (Jackson et al. 1996), which was conducted in the 
Routt National Forest, Mt Zirkel Wilderness area. Lichens and moss were used to assess 
the influence of coal power plants on terrestrial ecosystems (Jackson et al., 1996). The 
element concentrations in several lichen species, including Usnea lapponica, were 
measured. The spatial distribution of boron, sulfur, and N in lichen tissue suggested a 
local and anthropogenic source to these pollutants. However, this study did not use 
concentrations in lichens to estimate deposition, rather they compared relative amounts in 
an effort to determine the sources of pollutants (Jackson et al., 1996). 
The results of the Mt Zirkel study suggested that using measurements of lichen 
thallus concentrations of elements such as boron, sulfur and N can be used in Colorado at 
least to understand spatial patterns and relative amounts of pollutants. Given the results of 
the present study, whether tissue concentration can be used to estimate actual amounts of 
deposition is still uncertain. There was a significant correlation between Xanthoparmelia 
coloradoensis, although the relationship was relatively weak, and there appear to be other 
variables that will need to be considered in further development of this technique. Tissue 
N concentrations could potentially be used in conjunction with species composition 
studies to develop a more complete pattern of deposition.  
A final possible weakness with the approach correlating field lichen N 
concentrations with the NADP monitor data is that the monitors measure only wet 
deposition. Rates of dry N deposition make up a large portion of total deposition between 
25-30% and potentially up to 50% (Burns et al. 2003). The portion of dry deposition 
could vary significantly among the sites. Lichens absorb nutrients from both wet and dry 
deposition and different forms of N at different rates (Pitcairn et al., 2006). Also, at high 
elevations snowdrifts can affect the accuracy of precipitation and deposition 
measurements in the NADP collectors (Williams et al., 1998). The deposition amounts 
measured from the NADP monitors are relatively low compared to the treatments in the 
greenhouse experiment (5-25 kg ha-1 yr-1). The highest rate of wet deposition included in 
this study was 5.2 kg ha-1 yr-1. Thus the deposition amounts may be too low to cause 
observable changes in lichen tissue concentration. The observational field experiment 
would also be strengthened by addition of more monitoring sites than the 11 that I 
used.  Thirteen sites were initially identified, but it was not feasible to sample them all 
given time and logistical constraints. Although the species chosen were fairly ubiquitous, 
they were found more present and abundant in the Front Range than in Southern 
Colorado or farther west. Microclimate variation and differences in canopy could also 
affect the strength of the relationships between lichen N concentrations and deposition 
rates. Since lichens were collected opportunistically, all sites were not necessarily the 
same. 
  
Further Studies: Additional studies should examine the spatial patterns in pollutant 
concentration in the Front Range as this area experiences high levels of deposition. It 
would be valuable to identify areas experiencing detrimentally high levels of pollutants 
and possible sources of those pollutants. A study should be done in the southern Rockies 
correlating N concentration to community composition, which can be used in conjunction 
with widely accepted indices of deposition (Jovan and Carlberg, 2006). McCune et al. 
(1998) did a statewide species composition study in Colorado, establishing plots that 
could be long-term monitor sites. They recommended sampling near NADP monitor sites 
for species composition to develop a stronger link between species composition and air 
quality data. Such a species composition survey in conjunction with this tissue 
concentration data would give a better picture of how lichens are responding to increased 
pollutants and how they can be used to estimate those pollutants. Additionally, further 
studies should be done to understand the mechanisms behind varying physiological 
responses in lichens to environmental changes. 
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